Abstract-During t h e two different overflights of t h e B o n a n z a Creek Experimental Forest ( n e a r F a i r b a n k s , Alaska) by t h e N A S A / J P L r a d a r p o l a r i m e t e r in M a r c h 1988, t h e environmental conditions over t h e region changed significantly with temp e r a t u r e s ranging f r o m unseasonably w a r m (1 t o 9°C) d u r i n g one day t o well below freezing (-8 t o -15°C) d u r i n g t h e o t h e r . T h e moisture content of t h e s n o w a n d t r e e s changed f r o m a liquid t o frozen state causing significant changes in t h e radiometric a n d polarimetric responses of t h e forest t o t h e r a d a r wave. T h e L-band p o l a r i m e t r i c observations a r e s u m m a r i z e d in this p a p e r . U p t o a 6 d B c h a n g e in t h e b a c k s c a t t e r was observed in c e r t a i n forest s t a n d s a t L -b a n d . F e a t u r e s e x t r a c t e d f r o m t h e Stokes matrices of t h e s a m e s t a n d s f r o m t h e t h a w e d a n d frozen d a y s suggest t h e changes in t h e relative c o n t r i b u t i o n of t h e different s c a t t e r i n g mechanisms t o t h e r a d a r r e t u r n .
p e r a t u r e s ranging f r o m unseasonably w a r m (1 t o 9°C) d u r i n g one day t o well below freezing (-8 
t o -15°C) d u r i n g t h e o t h e r .
T h e moisture content of t h e s n o w a n d t r e e s changed f r o m a liquid t o frozen state causing significant changes in t h e radiometric a n d polarimetric responses of t h e forest t o t h e r a d a r wave. T h e L-band p o l a r i m e t r i c observations a r e s u m m a r i z e d in this p a p e r . U p t o a 6 d B c h a n g e in t h e b a c k s c a t t e r was observed in c e r t a i n forest s t a n d s a t L -b a n d . F e a t u r e s e x t r a c t e d f r o m t h e Stokes matrices of t h e s a m e s t a n d s f r o m t h e t h a w e d a n d frozen d a y s suggest t h e changes in t h e relative c o n t r i b u t i o n of t h e different s c a t t e r i n g mechanisms t o t h e r a d a r r e t u r n .
Comparison of t h e polarimetric s i g n a t u r e s indicate relatively higher c o n t r i b u t i o n f r o m diffuse s c a t t e r e r s o n t h e t h a w e d d a y t h a n on t h e frozen day. T h e sensitivity of t h e polarimetric sig-I. INTRODUCTION N March 1988, the NASAiJPL Airborne Synthetic Ap-I erture Radar (AIRSAR) acquired a series of imaging radar datasets over the Bonanza Creek Experimental Forest (BCEF) near Fairbanks, Alaska. The P-. L-, and C-band polarimetric datasets consist of data collected on five different days over a period of two weeks. During that period, the environmental conditions over the region changed significantly with temperatures ranging from unseasonably warm (1 to 9OC) on March 13 to well below freezing (-8 to -15'C) on March 19 [I] . The changes in the water status of the snow and trees from a liquid to frozen state caused significant changes in the backscatter characteristics of the forest. The changes in the microwave properties of the forest during the two data acquisition flights (March 13 and 19) over the BCEF offered an opportunity for comparison of scattering characteristics of forest stands in different temperature regimes, thus providing physical insights into the contribution of different scattering mechanisms to the observed radar return on the cold and warm days. The synthesized total power (L-band) Manuscript images for both days are shown in Fig. 1 . The radiometric differences are easily observable. These dramatic changes in the scattering signature have been reported in a preliminary paper by Way et al. [ I ] . The purpose of this paper is to present the quantitative radar measurements of these changes based on radiometrically and polarimetrically calibrated data with an emphasis on the polarimetric signatures. This paper is organized as follows. Brief descriptions of the field experiment, the airborne SAR dataset, and the calibration of the data are given in Section 11. The forest sites which were selected for study are described in Section 111. Section IV examines the radiometric and polarimetric characteristics of the different forest stands. The interpretation of these signatures is discussed based on previous observations and modeling work [3] . Conclusions are provided in Section V.
11. RADAR DATASET This section provides a brief description of the airborne SAR dataset, the Alaska field experiment, and the calibration of the dataset.
Airhornc SAR Data
The radar dataset was acquired by the NASA/JPL multifrequency radar polarimeter which was flown on a DC-8 aircraft. The radar operates in the C-, L-, and P-bands (0.45, 1.26, 5.31 GHz, respectively). Each frequency channel has the capability of simultaneously collecting linear like-polarized (HH and VV) and cross-polarized (HV and VH) backscatter data. The transmitter alter-0196/2892/94%04 00 l Y Y 3 IFEE nately drives the horizontally and vertically polarized antennas while dual receivers simultaneously record the likepolarized and cross-polarized echoes. In this manner, the complete polarization signature of every resolution element in an image is measured. The radiometric and polarization signatures are also spatially registered. The spatial resolution (defined by the 3-dB widths of the impulse response) of the 4-look SAR data is approximately 6.6 m in the range and 11 m in the azimuth direction. The range of look angles across an image is between 20" and 70". Table I summarizes the aircraft SAR characteristics. The data quality is discussed later in this section. For the purposes of this paper, the key dataset (explained in the following section) is the L-band polarimetric data from March 13 and 19.
The Alaska Field Experiment
Extensive ground data were collected during the aircraft overflights [I] , [ 1 11. Sampling of forest canopy parameters for input to microwave models and monitoring the environmental and phenologic states of the stands were emphasized. For each of the test stands identified for the BCEF, ancillary data which consisted of relatively static site descriptors (i.e., species composition, stand height, diameter at breast height (DBH), and stem density) and descriptors of variable scene properties (i. e., plant water status and dielectric properties and snow pack properties including snow water equivalent, snow wetness, and dielectric constant) were collected. Tables I1 and I11 summarize the parameters of several white spruce (WS), black spruce (BS), and balsam poplar (BP) stands.
Environmental Conditions during March 13 and March 19
Data over the BCEF test site were acquired on five separate occasions by the JPL SAR. Overlapping passes were acquired on March 13, March 17, and March 19. Since the SAR data from March 17 and 19 (when temperatures were below freezing) are similar and there were problems with the C-band channel on March 13 and the P-band channel on March 17 and 19, only the L-band data from the March 13 and March 19 passes are considered in this paper. During the field experiment, an unusually warm period (1 to 9") occurred in the early part of March creating unseasonably warm conditions (moist snow) and initiating thawing of the boles of the trees. By March 13, a high pressure system spreading over Alaska from the west diminished cloud cover and reduced temperatures slightly. A weather front from the south produced light snow and lowered temperatures on March 17; the effect of the front diminished on March 18. Low pressure in the Gulf of Alaska on March 19 brought moisture northward, again producing light snow and bringing subfreezing temperatures. The characteristics of the local weather during the time of the two overflights are shown in Table 11 . A detailed description of the meteorological conditions can be found in [ I ] .
L-Band Datu Calibrutioti
The calibration procedure for this polarimetric radar dataset was reported by Holt and Freeman 121, in which an algorithm developed by Klein [4] was used. This algorithm is based on the assumptions that the HV and VH backscatter are reciprocal, that the HH and HV returns from natural targets are uncorrelated, and that the radar is stable within an image and between images collected within a few minutes of each other. The calibration procedure first removes the crosstalk between the radar channels, corrects the relative amplitude and phase balances between polarizations, and then adjusts the absolute gain of the radar data. A trihedral comer reflector response is required to complete the calibration.
At BCEF, there were no suitable trihedral corner reflectors available within the imaged scene. Instead, measurements were made on a set of trihedrals deployed at
Fairbanks airport, 24-km down-track of BCEF. For these measurements to be valid for calibrating the BCEF scene, the radar must be stable for the time taken to collect data over the two areas. To verify this, we examined the average HV/VH backscatter ratio for each scene on the two days and found that it varied by less than 0.1 dB in amplitude and 2" in phase between the two sites on any given day. We also examined both the Fairbanks and BCEF images after calibration. Backscatter (0") values from patches of river ice and marsh, viewed at similar incidence angles, were extracted. We found that the HH and HV backscatter varied by less than 0.6 dB between scenes.
Long-tcrni rrlatiLe ( Table IV . The long and short-term relative uncertainties were estimated from results obtained at the Goldstone calibration site 121. These uncertainties represent the limits of sensitivity of the radar measurements: for example, a change in the HH/VV phase difference must be greater than 1 . 5 " to be regarded as significant. All of the stands are on the flat areas along the Tanana River to avoid the effects o f topography on local incidence angle. The window size selected for sampling the radar measurements is 25 x 25 pixels or approximately 0.6 km' in area. The data windows are located within a narrow range of incidence angles (between 40" and 50"), so the dependence of the radar measurements on the incidence angle is reduced. Within each o f the stands, the average variation o f the backscattcr (Tables V and VI) is usually less than 1 dB.
IV. POLARIMETRIC SAR OBSEKVAT.IONS-FROZEN A N D
THAWED FOREST S'I'ANDS This section presents and summarizes the changes in the polarimetric behavior of the sites described in the previous section. To reduce the large data volume generated by the radar, the polarimetric data currently distributed by JPL are stored in the compressed Stokes matrix format 151. From the decoded Stokes matrix data, the polarization signature of a given sample window can be reconstructed or synthesized 161. In this paper, all scattering signatures whether polarimetric or radiometric are derived in this manner. We usually use "polarimetric" to refer to signatures where the relative phase between the radar channels is involved and "radiometric" to refer to single channel signatures. Sample signatures extracted from different test sites (balsam poplar, white spruce, black spruce, bog, sand bar, clear-cut) from the warm and cold days are shown in Fig. 4 ; the plots are normalized (to the total power) three-dimensional representations of the copolarized and cross-polarized radar backscatter at a given incidence angle. These signatures were created by averaging a 25 X 25 area of 4-look pixels. . Cross-polarized signatures are synthesized by setting the receive polarization of the antenna orthogonal to that of the transmitted. The signatures are composed of a variable portion which sits on top of a pedestal (this feature is discussed later). In general, the signature in the forested areas generally exhibits a higher pedestal than, for example, the clear-cut areas shown here (this effect is discussed in the following sections). The measurements extracted from the different forest stands are shown in Tables V and VI for the frozen and thawed days, respectively. The following subsections discuss some of the more salient features in the observed radar signatures of the different test sites described in the previous section. To limit the length of the paper and due to the availability of data, the emphasis of the following discussions is placed on between-date rather than between-stand comparisons at L-band.
Like-Pol (a f H , (T 0"") and Cross-Pol Backscatter (a tv) :
L-Band Fig. 5 (a) and 5(b) summarizes the dramatic differences in the L-band copolarized and cross-polarized backscatter signatures between the warm day (3/13) and the cold day (3/19). The observed changes are significant compared to the calibration uncertainties given in Table IV . On the warm day, the radar backscatter was higher in all three types of forest stands selected. On March 19, when the water in both the snow and the trees was frozen and the dielectric constants were low, the backscatter at all polarizations decreased significantly. This demonstrates the sensitivity of the backscatter to the environmental conditions; the decrease in the dielectric constant of the forest canopy results in a decrease in the contribution of diffuse scatterers [ 2 ] . Typically, the expected return from forested areas is slightly greater at horizontal polarization than that at vertical polarization [7] and this is observed in the data collected during both days. This phenomenon is usually attributed to branch and ground-trunk scattering from the canopy [ 7 ] . Also, note that the decrease in the VV-responses ( -5 dB) are much greater than the HHresponses ( -3 dB) between the thawed and frozen days.
The trend could be observed in the ratio of the HH-to VV-responses (YHHVV) in Tables V and VI. The changes in the cross-pol backscatter between the two dates are shown in Fig. 5(b) . By comparison, there is relatively little change in the cross-pol returns from the unforested areas (e.g., sand bars, clear cuts). These two observations could be explained by decreases in the relative contribution of branch scattering and increases in the relative contribution of direct returns from the ground on the cold day (when the V-return usually dominates for surface scattering). This observation is confirmed by other measurements discussed in the following sections.
Fractional Polarization J,, Polarimetric Phase C$H-V Distribution: L-Band
Two other measurements extracted from the Stokes matrices of these forest stands are the fractional polarization (6,) and H-V phase difference (C$H-V) distribution or polarimetric phase distribution. The fractional polarizationA] is defined as [61, [71: where P,,,, and P,,,,, are the minimum and maximum powers over both the copolarization and cross-polarization signatures, respectively. When$, = 1, the average return is completely polarized and variations in antenna polarization (receive and transmit) will cause relatively large changes in the average backscattered power. When & = 0, the average return is completely unpolarized, and variations in antenna polarization will not change the average backscatter power. In general, the larger the&, the greater the amount of polarized power in the average return. It can be seen (Fig. 4) that a significant pedestal height is indicative of the presence of unpolarized components in the radar return. Fig. 6 summarizes the changes in (&) of the forest stands during the warm and cold days. At all the test stands, the& increased appreciably on the cold day, the largest change being observed in the balsam poplar stands. As mentioned earlier, this is related to a large variability in the observed scattering properties, suggesting that the scattering from the branches is more important on the warm day than on the cold day. Scattering from the clear-cut areas (dominated by single bounce scattering), on thc other hand, are highly polarized with the&, close to unity. Besides the fractional polarization, which gives an indication of the contribution of the unpolarized component (component with randomly varying polarization) in the spatially averaged return. it is also fruitful to examine the distribution of the phase difference between the HH and VV returns ($H-v). The polarization phase difference 4,, i s obtained from the product (lH [I; = A A e lo'' ' H V where and 4 , and A are the phase and amplitudes of the H-and V-returns, respectively. A nonzero phase difference in the observed mean of $H-V would be a consequence of [SI: 1 ) bistatic reflection by the trunks; 2) delay between the H-and V-polarized waves as they travel through the canopy; and 3 ) phase difference caused by scattering in the target. Fig. 7 shows the expected phase difference introduced by three different components o f a composite scene 171. A phase difference of .
The variance of the +H-V of a target is more related to the spatial distribution and distribution in orientation of the scatterers with respect to the transmitted polarization. A large variance in +)H-V is another indicator of large unpolarized component in the retum signal [9] . Fig. 8 summarizes the changes in the mean and variance of the H-V phase difference distribution of the test stands during the warm and cold days. Sample phase difference distributions from the same test sites in Fig. 4 are shown in Fig.  9 . The mean +H-V of all test sites is not significantly different from zero and the difference in the means of the distributions between the dates is negligible. Thus the contribution of double-bounce mechanisms is not enough to introduce a significant bias in the phase difference during the conditions encountered during the two days. There are, however, observable decreases in the variance of the +H-V distribution for all the stands, again suggesting a high variability in the scattering properties due to the contribution of branch scattering. Again, the variation in the mean phase difference is again significant compared with the calibration uncertainty provided in Table IV . There is an inverse relationship between this parameter and the & parameter discussed above [9] . An increase in the variance in the +H-V generally reflects a decrease in the& of the average spatial retum from the same target. This result again suggests the scattering from the branches is important on the warm day when contrasted with the results from the cold day.
Scatterer ClassiJication: L-Band
The polarimetric L-band data from March 13 and 19
were classified into three scattering classes. and diffuse scattering. This technique provides a qualitative analysis of the spatial distribution of the behavior of scatterers within the image. The L-band classification maps generated by this algorithm are shown in Fig. 10(a) and (b). For a forest canopy (which includes the crown, trunks, and understory), the following scattering processes which generally dominate the backscatter are 1) direct scattering (one reflection) from the top layer, ground surface, and the tree trunks; 2) double reflections from the ground surface and the tree trunks; and, 3) diffuse scattering due to multiple scattering due to contribution of the previous two mechanisms. Comparison of the classification maps from the 13 and 19 indicate a dominance of diffuse scatterers on the 13 and a dominance of single bounce scatterers on the 19. This again indicates that the scattering from the crown is important on the thawed day whereas the singlebounce scattering from the forest canopy is important on the cold day.
Summarizing, the major component in the higher backscatter in the warm day is due to scattering from the crown. The contribution of the expected double-bounce scattering is low on both days due to the high extinction through the trunk layer on the warm day and low dielectric constants and density of trunks and branches on the cold day.
V. CONCLUSION
We have presented and compared the observed polarization signatures of selected forest stands when it is frozen and thawed. The radiometric and polarimetric measure-
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ments (from the two dates) derived from the Stokes matrices were compared. Calibration of the data have shown that the changes are significant compared with the calibration uncertainties. Also, the relative contributions of different scattering mechanisms to the polarimetric behavior of the data were discussed based on these observations. Physical insights into the changes in the scattering processes were provided. The polarimetric responses of the forest were also compared to previous observations and modeling efforts. There is, in general, good agreement between the radar observations from the BCEF experiment and the expected scattering behavior. The results presented here indicate changing environmental conditions strongly affect the microwave backscatter response of forest canopies. In the L-band, the scattering behavior between the two days manifested itself in changes in the HH, VV, and HV no's, changes in the fractional polarization, and the changes in the variances of the H-V phase difference distributions. one on SIR-C calibration, one on calibration and change detection using Alaska SAR Facility ERS-1 data, and one on geographical information systems.
